Mafic magmas generated in extensional tectonic settings preserve important information about the nature of their mantle sources, interactions between crust and mantle, and the processes associated with magmatic evolution. However, careful study is needed to interpret the complex petrogenesis and diverse origins of such rock suites. A large volume of c.650 Ma mafic and ultramafic dikes are found in the South Qinling Belt (SQB) along the northern margin of the Yangtze Block, South China. The dikes from the eastern SQB are composed of olivine gabbro and gabbro that have low SiO 2 (42Á60 to 49Á56 wt %), low K 2 OþNa 2 O (0Á98 to 4Á48 wt %), and high MgO (4Á96 to 14Á41 wt %). MELTS modeling reveals that many of these dikes could have originated from a common primary magma that underwent extensive fractional crystallization of olivine þ plagioclase þ clinopyroxene followed by accumulation of phenocrysts in most samples. They show arc-like trace element compositions characterized by enrichment of LILE and LREE and depletion of HFSE. O (þ4Á95& to þ6Á41&) and highly variable eHf (-0Á5 to þ10Á0). Both chemical compositions and modeling results suggest that dikes from the eastern SQB were derived from a lithospheric mantle source that had been extensively modified by earlier subduction and further underwent strong contamination by the ancient granulite facies lower crust. In contrast, mafic dikes from the western SQB have relatively high SiO 2 (44Á97 to 52Á09 wt %) and low MgO (4Á73 to 9Á40 wt %). They fall into two groups that show N-MORB and E-MORB-like elemental characteristics, respectively. Both types have low initial 87 Pb/ 204 Pb (37Á37 to 38Á74). Their zircon d 18 O (þ3Á64& to þ5Á33&) and eHf (þ10Á2 to þ14Á8) values are also significantly different from those of the eastern SQB dikes. The chemical evidence suggests that mafic dikes from the western SQB originated from a heterogeneous asthenospheric mantle, one part of which may have been enriched by OIB/seamount subduction. These mafic dikes underwent only minor modification in the lower crust, but are contaminated by high temperature hydrothermally-altered supracrustal materials. Generation of the voluminous mafic and ultramafic dikes in the SQB occurred in a rifting continental margin after a long period of subduction. Their diverse origins and complex geodynamic setting suggest that magmatism in rifting continental margins is not only controlled by the structure of the lithosphere and upwelling of the asthenospheric mantle, but also by interaction between melts and continental V C The Author(s)
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204 Pb (16Á71 to 16Á98), 207 Pb/ 204 Pb (15Á36 to 15Á42) and 208 Pb/ 204 Pb (37Á17 to 37Á48). Their magmatic zircons preserve relatively homogeneous d
18
O (þ4Á95& to þ6Á41&) and highly variable eHf (-0Á5 to þ10Á0). Both chemical compositions and modeling results suggest that dikes from the eastern SQB were derived from a lithospheric mantle source that had been extensively modified by earlier subduction and further underwent strong contamination by the ancient granulite facies lower crust. In contrast, mafic dikes from the western SQB have relatively high SiO 2 (44Á97 to 52Á09 wt %) and low MgO (4Á73 to 9Á40 wt %). They fall into two groups that show N-MORB and E-MORB-like elemental characteristics, respectively. Both types have low initial 87 Sr/ 86 Sr (0Á703752 to 0Á706850), positive eNd 650 (þ2Á75 to þ5Á85) and scattered ratios of 206 Pb/ 204 Pb (17Á25 to 18Á42), 207 Pb/ 204 Pb (15Á44 to 15Á55) and 208 Pb/ 204 Pb (37Á37 to 38Á74). Their zircon d 18 O (þ3Á64& to þ5Á33&) and eHf (þ10Á2 to þ14Á8) values are also significantly different from those of the eastern SQB dikes. The chemical evidence suggests that mafic dikes from the western SQB originated from a heterogeneous asthenospheric mantle, one part of which may have been enriched by OIB/seamount subduction. These mafic dikes underwent only minor modification in the lower crust, but are contaminated by high temperature hydrothermally-altered supracrustal materials. Generation of the voluminous mafic and ultramafic dikes in the SQB occurred in a rifting continental margin after a long period of subduction. Their diverse origins and complex geodynamic setting suggest that magmatism in rifting continental margins is not only controlled by the structure of the lithosphere and upwelling of the asthenospheric mantle, but also by interaction between melts and continental
INTRODUCTION
Mafic and ultramafic dikes constitute a common expression of crustal extension and serve as major conduits for transferring magmas to the upper crust. Although many active and passive rifting models have been proposed to explain the timing of extension and igneous activity (Ziegler & Cloetingh, 2004) , the petrogenesis of mafic and ultramafic rocks in rifting settings has long been a matter of debate due to their diverse origins and complex dynamics. Unlike subduction-related maficultramafic rocks produced by hydrous melting of mantle wedges in arc settings (Tatsumi, 1989; Elliott et al., 1997; Hawkesworth et al., 1997; Turner et al., 1997) , those from rift-related tectonic settings are linked to asthenospheric upwelling and often to deep mantle plumes (Ernst et al., 2001; Ziegler & Cloetingh, 2004; Pirajno, 2007) . Previously subduction-modified lithospheric mantle may also be involved in their petrogenesis (Zhao & McCulloch, 1993) . Therefore, maficultramafic dikes contain important information about dynamic processes accompanying the breakup of continents, the nature of the lithospheric and asthenospheric mantle (structure, thickness, composition, geothermal gradient), interaction between the mantle and crust, magma differentiation, kinematics of magma flow, and perhaps more.
Continental rifting is generally accompanied by voluminous magmatism and emplacement of mafic-ultramafic dikes (e.g. Zhao & McCulloch, 1993; Ernst et al., 2001; Callegaro et al., 2013) . Compared to small-scale basaltic systems with low rates of magma production (Connor & Conway, 2000) , which can be variably contaminated and easily modified during their ascent to the Earth's surface, the large magma fluxes of continental rifts are expected to overwhelm sources of contamination and experience relatively minor modification. Although crustal contamination does occur in large dikes, systematic chemical variations and correlations should persist and provide robust information for constraining questions about the early evolution of these magmatic systems.
A prime example of continental rift magmatism is found in South China. Neoproterozoic igneous rocks are widely distributed along the western and northern margins of the Yangtze Block and are thought to preserve evidence of the assembly and breakup of the supercontinent Rodinia ( Fig. 1a ; Li et al. 1995; Li et al., 2004; Zheng et al., 2013; Zhou et al., 2006) . The early Neoproterozoic igneous rocks in the region, generally believed to be products of arc magmatism, are characterized by voluminous felsic igneous rocks and minor mafic-ultramafic intrusions with ages ranging from 850 to 750 Ma (Zhou et al., 2002; Zhao & Zhou, 2007; Zhao et al., 2011) . Subsequently, at 650 Ma, mafic and ultramafic dikes were emplaced in the South Qinling Belt along the northern margin of the Yangtze Block (Fig. 1b) . Such voluminous magma generation over a broad area and within a short time period requires a special geodynamic setting, as well as fertile mantle sources. These c.650 Ma mafic and ultramafic dikes thus provide a good opportunity to examine the magmatic processes and mantle dynamics in continental margins rifted after a long period of subduction.
This work presents mineral compositions, zircon UPb ages, Hf and O isotope ratios, whole-rock major and trace element and Sr-Nd-Pb isotopic data for the mafic and ultramafic dikes in the South Qinling Belt in order to investigate their petrogenesis and geodynamic significance. These new data confirm that the rocks from the eastern South Qinling Belt were derived from previously subduction-modified lithospheric mantle associated with strong modification by ancient lower granulite crust, whereas those from the western South Qinling Belt are partial melts of heterogeneous asthenospheric mantle with N-MORB and E-MORB-like affinities, further modified by a minor contribution of ancient lower crust and significant assimilation of hightemperature hydrothermally-altered upper continental crust. This study illustrates how the compositional variations of mafic and ultramafic dikes in rifting continental margins can be controlled by multi-stage magma evolution, including the nature of the mantle source as well as the structure and composition of the continental crust. Upwelling of asthenospheric mantle and extension of lithospheric mantle were apparently decoupled in this particular rifted continental margin.
sedimentary strata (Zhang et al., 2006a, b; Zhao et al., 2011) . Exposed units of various ages, stratigraphic positions, and original burial depths provide a range of possible crustal assimilants that we will consider in our discussion of the Neoproterozoic dikes. The Kongling complex is the only terrane containing Archean rocks in South China and is mainly composed of felsic gneisses and metasedimentary rocks with minor amphibolite and mafic granulite (Gao et al., 1999; Zhang et al., 2006a) , but zircons from felsic granulite xenoliths in Mesozoic volcanic rocks reveal that Archean rocks are widespread beneath the Yangtze Block (Zheng et al., 2006) . At higher levels, Meso-to early Neoproterozoic strata are distributed more or less continuously along the northern and western margins of the Yangtze Block, and all have undergone lowgrade metamorphism (Zhao et al., 2010b; Qiu et al., 2011;  Liu et al., 2018) . Above the Early Neoproterozoic sequences, the thick cover sequence comprises Late Neoproterozoic to Cenozoic strata including glacial deposits and clastic, carbonate, and meta-volcanic rocks.
The South Qinling Belt (SQB) is thought to have been part of the Yangtze Block since the Neoproterozoic (Ling et al., 2010; Wu & Zheng, 2013) . It is separated from the North China Craton by the Shangdan fault to the north and from the main Yangtze Block by the Mianlue suture zone and Xiangfan-Guangji Fault to the south (Fig. 1b) . Both the Shangdan fault and the Mianlue suture zone are considered to have been formed by the collision of the North China Craton and the South China Block during Carboniferous to Triassic times (Wu & Zheng, 2013) . The SQB mainly consists of the deformed Neoproterozoic Wudang and Yaolinghe Groups, unconformably overlain by Sinian to Ordovician strata. Its eastern part locally underwent strong deformation and blueschist facies metamorphism during the Triassic. The Wudang Group is composed of sedimentary and volcanic rocks with zircon UPb ages near 750 Ma (Ling et al., 2010; Liu et al., 2018) . The overlying Yaolinghe Group consists of metabasaltic rocks with minor felsic igneous rocks and pelites; the felsic volcanic rocks have zircon U-Pb ages near 680 Ma (Ling et al., 2008) . The thick cover sequence of Sinian to Triassic sedimentary rocks consists mainly of strongly folded carbonate, shale, phyllite, and sandstone. Locally preserved high-pressure blueschist rocks in the region yield phengite Ar/Ar ages c.216-236 Ma, reflecting collison between the South China Block and North China Craton (Wu & Zheng, 2013) .
ANALYTICAL METHODS

Electron microprobe mineral analyses
Mineral compositions were determined using a JXA-8100 electron microprobe at Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (CAS). Quantitative analyses were performed using an accelerating voltage of 15 kV, a specimen current of 3Á0 Â 10 -8 A, and a beam diameter of 2 lm The analytical precision is generally better than 2%. Summary mineral compositions are listed in the Supplementary Data that are available for downloading at http://www.petrology. oxfordjournals.org.
SIMS in situ oxygen isotope analyses
Zircon grains were separated using conventional heavy liquid and magnetic techniques, mounted in epoxy and documented by cathodoluminescence (CL) imaging after polishing. Zircon O isotopes were analysed using a Cameca IMS-1280 at the State Key Laboratory of Lithospheric Evolution at the Institute of Geology and Geophysics, Chinese Academy of Sciences (CAS). Analytical procedures are described by Li et al. (2010a) .
The Csþ primary ion beam was accelerated at 10 kV, with an intensity of c.2 nA rastered over a 10 lm area.
The analysis spot was about 20 lm in diameter. Oxygen isotopes were measured in multi-collector mode using two off-axis Faraday cups. A Nuclear Magnetic Resonance probe was used for magnetic field control with stability better than 2Á5 ppm over 16 h on mass 17. One analysis takes c. 
Zircon U-Pb dating and Lu-Hf isotope analyses
LA-ICP-MS analytical procedures are described in detail by Liu et al. (2010) . Laser sampling was performed using an excimer laser ablation system. A 'wire' signal smoothing device is included by which smooth signals are produced even at very low laser repetition rates down to 1 Hz (Hu et al., 2012 ). An Agilent 7500a ICP-MS instrument was used to acquire ion-signal intensities. Each analysis includes 20-30 s gas blank for background acquisition, followed by 40 s data acquisition. Off-line selection, background integration, analyte signals, time-drift correction and quantitative calibration of U-Pb dating were performed using the software ICPMSDataCal . Common Pb correction and age calculation used ComPbCorr#3Á17 .
Hf isotope analyses were conducted using a Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Germany) in combination with a Geolas 2005 excimer ArF laser ablation system (Lambda Physik, Gö ttingen, Germany). Each measurement comprised 20 s acquisition of the background signal followed by 50 s signal acquisition, with a laser spot size of 44 lm Detailed operating conditions and analytical method are described in Hu et al. (2012) . Off-line selection and integration of analyte signals and mass bias calibrations used ICPMSDataCal . In total, six samples from the dikes were selected for zircon separation; the results are illustrated in Tables 1 and 4 .
Whole-rock geochemical analyses
Major element abundances were obtained using X-ray fluorescence (XRF) on fused glass beads at the State Key Laboratory of Geological Processes and Mineral U   2r   Sample CX03, a mafic rock from the Chenxiang dike  CX03-1  1130 1406 0Á80 0Á0609 0Á0033 0Á8583 0Á0461 0Á1019 0Á0016  635 116  629  25  625  9  CX03-2  3976 1629 2Á44 0Á0620 0Á0031 0Á8770 0Á0453 0Á1022 0Á0020  672 107  639  24  627 12  CX03-3  94  406 0Á23 0Á0586 0Á0058 0Á8411 0Á0863 0Á1028 0Á0023  554 215  620  48  631 13  CX03-4  1780  909 1Á96 0Á0606 0Á0041 0Á8502 0Á0569 0Á1013 0Á0019  633 144  625  31  622 11  CX03-5  1510  746 2Á02 0Á0579 0Á0040 0Á8188 0Á0561 0Á1022 0Á0021  528 161  607  31  627 12  CX03-6  513  384 1Á34 0Á0636 0Á0055 0Á8986 0Á0775 0Á1020 0Á0026  731 185  651  41  626 15  CX03-7  181  122 1Á48 0Á0506 0Á0129 0Á7110 0Á1845 0Á1027 0Á0039  220 559  545 110  630 23  CX03-8  152  121 1Á25 0Á0935 0Á0130 1Á2273 0Á1687 0Á0960 0Á0039 1498 272  813  77  591 LD08-2  583 2257 0Á26 0Á0728 0Á0032 1Á4917 0Á0662 0Á1475 0Á0021 1009  89  927  27  887 12  LD08-3  414  927 0Á45 0Á0534 0Á0043 0Á3467 0Á0275 0Á0470 0Á0010  346 181  302  21  296  6  LD08-4  655  869 0Á75 0Á0626 0Á0029 0Á8890 0Á0411 0Á1025 0Á0018  694  87  646  22  629 11  LD08-5  1372 1667 0Á82 0Á0530 0Á0028 0Á3824 0Á0208 0Á0521 0Á0010  328  54  329  15  327  6  LD08-6  774 2147 0Á36 0Á0550 0Á0029 0Á2775 0Á0152 0Á0363 0Á0005  413 124  249  12  230  3  LD08-7  321  667 0Á48 0Á1509 0Á0019 9Á3747 0Á1610 0Á4466 0Á0057 2367  22 2375  16 2380 25  LD08-8  704  530 1Á33 0Á1175 0Á0135 0Á6727 0Á0852 0Á0403 0Á0012 1920 205  522  52  255  7  LD08-9  293  561 0Á52 0Á0585 0Á0035 0Á8758 0Á0539 0Á1080 0Á0018  550 133  639  29  661 11  LD08-10  376  744 0Á51 0Á0488 0Á0048 0Á3114 0Á0313 0Á0457 0Á0009  139 230  275  24  288  5  Sample SS11, a mafic rock from the Shoushan dike  SS11-1  2156 1226 1Á76 0Á058  0Á0024 0Á839  0Á0378 0Á105  0Á0015  517  83  619  21  646  9  SS11-2  818  641 1Á28 0Á058  0Á0034 0Á840  0Á0500 0Á105  0Á0019  532 120  619  28  644 11  SS11-3  1245  734 1Á70 0Á061  0Á0032 0Á872  0Á0438 0Á104  0Á0020  656 111  637  24  635 11  SS11-4  645  413 1Á56 0Á062  0Á0045 0Á921  0Á0675 0Á107  0Á0021  687 156  663  36  654 12  SS11-5  663  476 1Á39 0Á060  0Á0049 0Á879  0Á0707 0Á106  0Á0020  606 183  640  38  651 12  SS11-6  2693 1372 1Á96 0Á062  0Á0035 0Á898  0Á0502 0Á105  0Á0017  665 113  651  27  644 10  SS11-7  1302  757 1Á72 0Á062  0Á0046 0Á904  0Á0667 0Á106  0Á0019  670 163  654  36  648 11  SS11-8  1832  959 1Á91 0Á061  0Á0038 0Á914  0Á0571 0Á108  0Á0017  650 133  659  30  658 10  SS11-9  3004 1279 2Á35 0Á062  0Á0031 0Á905  0Á0440 0Á106  0Á0014  665 105  654  23  648  8  SS11-10  431  290 1Á49 0Á069  0Á0061 1Á003  0Á0885 0Á105  0Á0021  922 191  706  45  641 12  SS11-11  916  666 1Á38 0Á062  0Á0035 0Á904  0Á0528 0Á106  0Á0019  657 122  654  28  650 11  SS11-12  1242  696 1Á79 0Á060  0Á0034 0Á884  0Á0517 0Á107  0Á0020  598  61  643  28  654 11  SS11-13  1812 1152 1Á57 0Á058  0Á0020 0Á873  0Á0320 0Á108  0Á0015  600  78  637  17  663  9  SS11-14  1185  867 1Á37 0Á060  0Á0032 0Á893  0Á0457 0Á107  0Á0017  620 115  648  25  655 10  SS11-15  499  379 1Á32 0Á064  0Á0052 0Á941  0Á0752 0Á107  0Á0020  743 174  674  39  657 12  SS11-16  2007 1220 1Á64 0Á060  0Á0021 0Á904  0Á0306 0Á108  0Á0015  620  74  654  16  661  9  SS11-17  333  371 0Á90 0Á060  0Á0056 0Á883  0Á0833 0Á105  0Á0020  620 200  643  45  646 12  SS11-18  755  505 1Á49 0Á062  0Á0039 0Á899  0Á0546 0Á104  0Á0019  687 133  651  29  640 11  SS11-19  857  669 1Á28 0Á063  0Á0035 0Á910  0Á0506 0Á105  0Á0019  702 119  657  27  643 11  SS11-20  1399  670 2Á09 0Á064  0Á0033 0Á928  0Á0500 0Á104  0Á0018  750 111  667  26  639 10  SS11-21  269  231 1Á16 0Á065  0Á0091 0Á936  0Á1238 0Á106  0Á0032  776 294  671  65  650 19  Sample FJS10, a mafic rock from the Fujunshan dike  FJS10-1  168  186 0Á91 0Á053  0Á0080 0Á783  0Á1224 0Á107  0Á0039  346 341  587  70  657 22  FJS10-2  460  298 1Á55 0Á064  0Á0063 0Á924  0Á0898 0Á106  0Á0030  728 211  664  47  647 17  FJS10-3  149  122 1Á22 0Á060  0Á0110 0Á840  0Á1548 0Á106  0Á0038  594 400  619  86  647 22  FJS10-4  1190  630 1Á89 0Á059  0Á0040 0Á866  0Á0588 0Á106  0Á0021  565 148  633  32  648 12  FJS10-5  396  244 1Á62 0Á055  0Á0066 0Á781  0Á0930 0Á103  0Á0029  413 270  586  53  633 17  FJS10-6  230  184 1Á25 0Á064  0Á0085 0Á923  0Á1212 0Á106  0Á0030  739 283  664  64  647 18  FJS10-7  134  128 1Á05 0Á059  0Á0118 0Á808  0Á1623 0Á102  0Á0035  567 441  602  91  625 21  FJS10-8  658  313 2Á10 0Á061  0Á0053 0Á893  0Á0764 0Á105  0Á0025  654 176  648  41  644 15 (continued) U   2r   FJS10-9  926  522 1Á77 0Á057  0Á0044 0Á825  0Á0628 0Á105  0Á0022  476 174  611  35  646 13  FJS10-10  872  636 1Á37 0Á059  0Á0038 0Á865  0Á0552 0Á106  0Á0021  569 137  633  30  647 12  FJS10-11  276  281 0Á98 0Á061  0Á0065 0Á873  0Á0930 0Á105  0Á0027  633 243  637  50  641 16  FJS10-12  711  602 1Á18 0Á062  0Á0042 0Á891  0Á0610 0Á104  0Á0021  657 148  647  33  639 12  FJS10-13  2385  954 2Á50 0Á058  0Á0037 0Á836  0Á0551 0Á104  0Á0023  528 141  617  30  639 14  FJS10-14  1617  850 1Á90 0Á061  0Á0037 0Á893  0Á0540 0Á106  0Á0019  639 133  648  29  648 11  FJS10-15  1855  938 1Á98 0Á059  0Á0030 0Á862  0Á0439 0Á106  0Á0018  561 111  631  24  648 11  FJS10-16  632  380 1Á67 0Á055  0Á0057 0Á798  0Á0824 0Á107  0Á0026  394 237  596  47  652 15  FJS10-17  882  484 1Á82 0Á061  0Á0042 0Á889  0Á0630 0Á104  0Á0021  654 148  646  34  640 Resources, China University of Geosciences (Wuhan). Trace elements, including REE, were analysed on an ELAN DRC-e ICP-MS at the Institute of Geochemistry, CAS. Closed beakers in high-pressure bombs were used to ensure complete digestion (Qi et al., 2000) . Pure elemental standards for external calibration, and BHVO-1 and SY-4 as reference materials, were used. Accuracies for major element oxides are better than 2%, and those for trace elements by ICP-MS are better than 5%.
Sr-Nd-Pb isotopic analyses
About 100 mg powder of each sample was dissolved in a Teflon beaker with an HF-HNO 3 -HClO 4 mixture. Sr and Nd were separated and purified by the method described by Yang et al. (2010 For Pb isotope analysis, about 100-120 mg rock powder was completely decomposed using a mixture of HF-HNO 3 in a Savillex Teflon screw-cap beaker at 150 C for seven days. Pb was separated from the rock matrix using an HBr-HCl elution procedure on Teflon columns containing $0Á15 ml anion resin (AG1-X8, 200-400 mesh). Whole chemical procedural blanks were <200 pg for Pb. High purity Pb was re-dissolved using a solution mixture of Si-gel and H 3 PO 4 and loaded onto a single Re filament. Pb isotope ratio determinations were performed using a Finnigan MAT262 multicollector thermal ionization mass spectrometer at IGG-CAS. International standard NBS 981 was used to monitor instrument stability during the period of data collection and to correct for mass fractionation. Measured Pb isotope ratios were corrected for instrumental mass fractionation of 1Á0& per atomic mass unit by reference to repeated analyses of the BCR-2 Pb standard. Pb ¼ 38Á699 6 0Á007 (2r).
PETROGRAPHY AND MINERAL COMPOSITIONS
The focus of this study is a swarm of NW-striking mafic-ultramafic dikes that intrude the Wudang and Yaolinghe groups. Individual dikes range in thickness from a few meters to several kilometers. The dikes have developed variable foliation along their margins, associated with deformation of the host Neoproterozoic sedimentary and volcanic rocks, probably during collision between the South China Block and the North China Craton in the Triassic (Wu & Zheng, 2013 and references therein). The mafic and ultramafic dikes in this study are classified into two groups according to their location, petrography and geochemical compositions; those from the eastern SQB (Chengxiang, Luodian, Shoushan, Fujunshan and Sanguandian dikes) and those from the western SQB (Huanglongzhen, Xiliuhe and Dayangou dikes) (Fig. 1b) . Their mineral compositions, determined by electron microprobe analysis, are given in the Supplementary Data.
Mafic-ultramafic dikes from the Eastern SQB
Dikes from the eastern SQB (ESQB) are mainly composed of gabbro and olivine gabbro. Rocks from the Chengxiang and Luodian dikes are fresh and consist of olivine (10-30%), clinopyroxene (5-10%), plagioclase (50-60%), biotite (2-5%) and minor Fe-Ti oxides, whereas those from the other dikes (Shoushan, Fujunshan and Sanguandian) have undergone some degree of alteration and metamorphism and their pre-alteration modes are estimated at clinopyroxene (30-40 wt %), plagioclase (40-55%), biotite (<10%) and minor olivine. Olivine in these rocks is subhedral to anhedral; in most cases, it forms rounded grains 0Á2-10 mm in diameter ( Fig. 2a and b) but, locally, olivine-cpx relations suggest cumulate textures (Fig. 2a) . The olivine grains and platy plagioclase are generally enclosed in large, anhedral, poikilitic clinopyroxene ( Fig. 2a-c) , suggesting low-pressure fractional crystallization. Locally, plagioclase is enclosed in olivine that is, in turn, hosted by clinopyroxene; in these clusters both plagioclase and olivine show irregular or embayed margins (Fig. 2c) , indicating dissolution and chemical disequilibrium. In some cases, clinopyroxene is intergrown with plagioclase or is interstitially distributed between plagioclase and olivine ( Fig. 2a and d) . The mineral assemblages and textures in all the ESQB dikes are similar and suggest that these dikes underwent a similar crystallization sequence. We will confirm this below in the discussion section with MELTS modeling of the fractionation, which will also show that the ultramafic samples are partly cumulate in origin, with excess olivine incorporated into the whole-rocks. Olivine in each dike displays homogenous compositions with restricted Fo values slightly decreasing from cores to rims. The Chengxiang and Luodian dikes contain olivine with similar compositions, with Fo values ranging from 72Á5 to 78Á4 (Fig. 2c) , whereas the Shoushan dike olivine has lower Fo (62Á9-68Á1). Fine-to medium-grained, tabular plagioclase from the Chengxiang and Luodian dikes also has similar chemical compositions, with An values ranging from 69 to 83, whereas plagioclase from the Shoushan dike has a wide range of An contents reaching more evolved values (55-80) . Large poikilitic clinopyroxene is more Carich in the cores than at the rims. Clinopyroxene shows higher Ca and Mg contents in domains in contact with olivine than elsewhere. It is classified as augite, with Wo values ranging from 37Á7 to 49Á4, En from 39Á2 to 49Á5 and Fs from 8Á5 to 15Á2. Fs values generally increase from the Chengxiang and Luodian dikes to the Shoushan dike.
Mafic dikes from the Western SQB
Rocks from the western SQB (WSQB) dikes mainly consist of hornblende, Al-clinopyroxene, biotite, plagioclase and quartz ( Fig. 2e and f) . Most hornblende grains have irregular and eroded margins, and are partly replaced by chlorite, indicating weak low-temperature alteration and low-grade metamorphism.
Hornblende in dikes throughout the WSQB shows similar and relatively homogenous compositions with Caþ IV Al and SiþNaþK substitution ranging from 2Á07 to 2Á73 apfu and 7Á29 to 7Á97 apfu, respectively; (CaþNa) B !1Á00, Na B <0Á50 and Ca B >1Á50, places them in the calcic group of magnesio-hornblende, with some actinolite and edenite, according to Leake et al. (1997) . Plagioclase is fine-to medium-grained and contains many post-magmatic minerals with metamorphic poikilitic textures. It has high Ab contents ranging from 97Á7 to 99Á5, presumably due to albitisation (Lee & Parsons, 1997) . Clinopyroxene is also widely distributed (Fig. 2e) , and occurs as subhedral to anhedral fine grains with compositions of Ca(Al 0Á50-0Á71 Fe 0Á22-0Á42 )(Si 1Á45-1Á49 Al 0Á51-0Á55 )O 6 . Biotite accounts for less than 10% of the mode and has FeO varying from 16Á6 to 21Á8 wt %, MgO from 9Á31 to 12Á0, and TiO 2 from 1Á18 to 1Á95 wt %. Its IV Al (1Á06-1Á20 apfu) and Fe/(Fe þ Mg 2þ ) ratios (0Á44-0Á56 apfu) are relatively constant and define a composition between siderophyllite and eastonite. The above mineral assemblages and compositions indicate that the mafic rocks from the WSQB underwent low-grade greenschist facies metamorphism.
ANALYTICAL RESULTS
Zircon U-Pb dating
Zircon grains in all rocks from the ESQB dikes show similar textures. They are mainly broken subhedral grains 20-210 mm in length, with aspect ratios of 1:1Á5-1:5 (CX03, SS11 and FJS10 in Fig. 3 ). In CL images, most grains show bright, unzoned textures. Some grains have faint, variable width, oscillatory and sector zoning (CX03 and FJS10 in Fig. 3 ). These are typical features of magmatic zircons and most such zircon grains from the ESQB dikes (including samples CX03, LD08, SS11, FJS10 and SGD14) yield similar concordant or nearly concordant 206 Pb/ 238 U ages (Fig. 4) . A few grains are rounded and have core and rim textures (LD08 in Fig. 3 ), raising the possibility that their cores were inherited from country rocks and in fact three such grains from sample LD08 (LD08-1, LD08-2, LD08-7) yield old 206 Pb/ 238 U ages ranging from 887 Ma to 2380 Ma (Table 1) . A few zircon analyses give discordant or younger ages that presumably reflect postcrystallization resetting (Fig. 4) . Two analyses from sample SGD14 (SGD14-8, SGD14-12) yield nearly concordant 206 Pb/ 238 U ages of 691 6 14 Ma and 688 6 16 Ma (2r), respectively, similar to that of igneous rocks from the Yaolinghe group (Ling et al., 2008) . The remaining U ages between 627 6 3 Ma (2r, MSWD ¼ 1Á6) and 651 6 5 Ma (2r, MSWD ¼ 3Á2) (Fig. 4) .
Zircons are only available for the Huanglongzhen dike from the WSQB. Zircon grains in sample HLZ17 are 80 to 150 mm long with short, prismatic shapes (aspect ratios of 1:2 to 1:3). Their CL images are characterized by unzoned dark interiors surrounded by thin, bright rims (HLZ17 in Fig. 3 ). The thin rims may be metamorphic overgrowths formed during the collision between the South China Block and the North China Craton in the Triassic (Wu & Zheng, 2013) . A total of 34 analyses were obtained for sample HLZ17, 30 of which yield concordant 206 Pb/ 238 U ages ranging from 609 6 12 Ma to 667 6 10 Ma, with a weighted mean age of 644 6 6 Ma (2r, Fig. 4 ). The other four grains are discordant and younger, suggesting partial resetting. No inherited zircons were found in the WSQB dikes.
The simplest interpretation of the population of the concordant, magmatic zircon dates from all six samples from the whole SQB is that their weighted mean 206 Pb/ 238 U ages are consistent, within stated uncertainties, with being a single population (Fig. 4) . Thus, all the mafic and ultramafic dikes in this belt appear to have been emplaced during a single magmatic episode at around 650 Ma.
Major and trace elements
Rocks from the ESQB and WSQB dikes form two distinct populations in whole-rock major element composition (Table 2) . Rocks from the ESQB dikes have low SiO 2 (most are between 45 and 48 wt %) and variable MgO (4Á96 to 14Á4 wt %). Their K 2 O contents range from 0Á09 to 1Á22 wt %, total alkalis (K 2 OþNa 2 O) from 0Á98 to 4Á48 wt %, and they have variable Na 2 O/K 2 O ratios (0Á8 to 43). They dominantly form a low-K subalkaline series, although selected samples range towards medium-or high-K ( Rocks from the ESQB dikes exhibit slight LREE enrichment ([La/Yb] n ¼ 3Á60-6Á06) and positive Ce and Eu anomalies (Eu/Eu*¼1Á05-1Á98) (Fig. 7) . They have generally low REE concentrations, 2 to at most 9 times chondritic for Lu and 10 to at most 40 times chondritic for La, that are negatively correlated with MgO. Their primitive mantle-normalized trace element patterns are characterized by enrichment of Ba and U relative to Rb and Th, positive Pb and Sr anomalies, and depletion in Nb-Ta, Zr-Hf, and Ti (Fig. 7) . They have high Sr (229-449 ppm) and low Y concentrations (3Á30-20Á5 ppm), giving high and variable Sr/Y ratios ranging from 12 to 121.
The mafic rocks from the WSQB dikes also have low K 2 O contents (0Á03 to 0Á91 wt %) and total alkalis (2Á05 to 4Á37 wt %). They have relatively high SiO 2 (46 to 53 wt %), low MgO (4Á73 to 9Á40 wt %) and low Al 2 O 3 (12Á3-17Á3 wt %). Their Fe 2 O 3 (8Á96-14Á6 wt %) and CaO contents (8Á95-13Á5 wt %) are comparable to those of the ESQB dikes, whereas TiO 2 (0Á86-3Á02 wt %) and P 2 O 5 contents (0Á04-0Á54 wt %) scatter towards higher values (Table 2) . Within the WSQB suite taken alone, major elements do not show obvious correlations with MgO (Fig. 6) .
The trace element compositions of the WSQB dikes define two groups. Rocks from the Xiliuhe and Dayangou dikes have flat REE patterns with positive Ce and Eu anomalies. Their primitive mantle-normalized trace element patterns show depletion of LILE (e.g. Rb, Ba, Th) and enrichment of Pb and Sr, without prominent HFSE anomalies (Nb, Ta, Zr and Hf) (Fig. 7) . However, rocks from the Huanglongzhen dike show LREEenriched patterns. Their primitive mantle-normalized trace element patterns show enrichment of incompatible elements and are characterized by depletion of Th and U and enrichment of Nb and Ta with slightly positive Pb and negative Sr anomalies (Fig. 7) . 
Sr-Nd-Pb isotope compositions
Zircon Hf and O isotope values
Hydrothermal alteration of metamict zircons will disturb the U-Pb system and result in discordant ages (Silver & Deutsch, 1963; Mezger & Krogstad, 1997; Geisler et al., 2007) . Such processes can also change the hafnium and oxygen isotope composition of minerals (Valley et al., 1994; Booth et al., 2005; Lenting et al., 2010) . Thus, zircons with discordant ages will yield modified hafnium and oxygen isotope compositions that are not included in the following discussion.
The three inherited zircon grains from sample LD08 (01, 02, 07) have strongly negative eHf values (-9Á1 6 1Á4, -26Á6 6 1Á0 and -45Á4 6 1Á3) and high d
18 O values (þ7Á08 6 0Á23&, þ7Á48 6 0Á35& and þ9Á37 6 0Á33&) (Table 4) . Two magmatic zircons in the same sample (07, 08) have slightly negative eHf values (-1Á2 to -1Á5) and high d
18 O values (þ7Á3& to þ10Á1&). Four grains from sample SS11 (14, 19) and FJS10 (22, 23) show low eHf (þ0Á4 to þ0Á8) and abnormal d
18 O values (-6Á26& to þ3Á69&). The remaining magmatic zircon grains in all samples from the ESQB dikes form a population with relatively homogeneous d 18 O (þ4Á95& to þ6Á41&) and variable eHf (-0Á5 to þ10Á0), predominantly in the range -0Á5 to þ3Á3 (Table 4 ; Fig. 13 Hf ratios (0Á28268 to 0Á28288). The eHf values corrected to their crystallization ages range from þ10Á2 to þ14Á8 and their d
18 O values (þ3Á64& to þ5Á33&) are consistently lower than those of the zircons from the ESQB dikes (Table 4 ; Fig. 13 ).
DISCUSSION
Alteration and metamorphism effects
The mafic and ultramafic rocks in this study have undergone alteration and metamorphism to various degrees, as discussed above. These processes can modify both major and trace elements, as well as isotopic compositions. Large ion lithophile elements (LILE) can easily be altered during post-magmatic processes, whereas Al, Ca, Mg (e.g. Beswick, 1982) , high field strength elements (HFSE, such as Th, Zr, Hf, Nb, Ta, Ti, Y and REE) and the Sm-Nd isotopic system are typically more robust (Lahaye & Arndt, 1996) .
Correlations of trace elements vs Zr thus form a useful test for elemental variation during alteration and low-degree metamorphism (Fig. 8) . Rocks from the Chengxiang and Luodian dikes in the ESQB show good correlations for LILE, REE and HFSE vs Zr, suggesting that these elements were not modified by postmagmatic processes. This is consistent with their fresh igneous textures in thin sections (Fig. 2) . However, rocks from the Shoushan, Fujunshan and Sanguandian dikes in the ESQB show scattered distribution of Ba and Rb, but good correlations for REE and HFSE vs Zr (Fig. 8) . Therefore, the geochemical compositions of the Chengxiang and Luodian dikes are essentially original and can be used to constrain their petrogenesis. Both HFSE and REE in all rocks from the ESQB appear not to be significantly modified by alteration and metamorphism and thus are used to constrain the nature of their mantle sources and the petrogenesis of the dikes in the following discussion.
The WSQB dikes are classified into two groups that show scattered distribution of Ba and Rb, but clear positive correlations for REE and HFSE vs Zr (Fig. 8) . The patterns of geochemical variation are consistent with petrographic observations of extensive replacement of clinopyroxene and amphibole in these samples by postmagmatic minerals such as tremolite, epidote and chlorite ( Fig. 2e and f) . These lines of evidence demonstrate that LILE have likely been modified by alteration and metamorphism, whereas the REE and HFSE appear to be relatively unchanged.
Petrogenesis of the mafic-ultramafic rocks from the ESQB dikes Minimal contamination by supracrustal materials
Crustal contamination plays an important role in magmatic petrogenesis and may modify the original elemental and isotopic compositions of mantle-derived liquids (DePaolo, 1981; Spera & Bohrson, 2001 (Fig. 13) , indicating these grains crystallized from strongly contaminated interstitial melts during a late stage of magmatic evolution (e.g. Wang et al., 2016) . These geochemical variations suggest that supracrustal materials were involved to some extent in the petrogenesis of these dikes.
However, the mafic and ultramafic rocks from the ESQB dikes have very low Th concentrations (Figs 8  and 10 ), constant Sr and Nd isotope compositions ( Fig. 11) , and low and constant unradiogenic Pb isotope ratios (Fig. 12) , ruling out significant supracrustal contamination. Supracrustal materials can be evaluated as a potential contaminant using the Archean Kongling complex terrane of South China as a template. It mainly consists of felsic gneiss and metasedimentary rocks with highly variable isotopic compositions (Gao et al., 1999; Zhang, 2008) . Lenses and layers of mafic amphibolite and granulite within the felsic gneiss account for less than 5& of the Kongling complex (Gao et al., 1999) . One mafic granulite sample has whole-rock eNd of -6Á47 (Yin et al., 2013) , comparable with that of the ESQB dikes in this study. Contamination by these supracrustal Archean rocks might explain the relatively high Sr and negative Nd isotopic compositions of the ESQB dikes (Fig. 11) Pb (14Á968 to 16Á622, average 15Á546) (Zhang, 2008) , which are too radiogenic to shift the Pb isotopes of the ESQB dikes significantly to the left of the geochron (Fig. 12) . Hence Archean supracrustal rocks are not likely candidates to explain the isotopic compositions of the ESQB dikes. Although Meso-to Neoproterozoic crustal materials were probably also involved in their petrogenesis, the inherited zircon grains are rare, and nearly all the magmatic zircons preserve mantle-like d
18 O values (Fig. 13) , suggesting that supracrustal contamination is minimal.
Fractional crystallization and phenocryst accumulation
The mafic and ultramafic rocks from the ESQB dikes exhibit uniform mineral assemblages and textures (Fig. 2) and most samples show consistent major element evolutionary trends (Figs 6 and 8 ) and similar chondritenormalized REE patterns and primitive mantlenormalized trace element features (Fig. 7) . In addition, they have homogeneous Zr/Th (75-135), Zr/Y (3Á33-6Á56), Zr/La (5Á89-9Á45) and Zr/Sm (21-35) ratios as well as whole-rock Sr, Nd and Pb isotope and zircon Hf and O isotope compositions (Figs 10-13) . These geochemical data indicate that the various ESQB dikes were most likely derived from a single mantle source, that they represent very similar degrees of melting of that source, and that they followed similar differentiation paths.
In the major element plots (Fig. 6) , considering for the moment only the whole-rock chemical variations, the EQSB samples from each dike form trends apparently consistent with either variable degrees of fractional crystallization or crystal accumulation. Some individual dikes display decreasing Fe 2 O 3 *, Ni and Cr alongside increasing Al 2 O 3 with decreasing MgO contents, consistent with olivine control during the early stages of magma differentiation. The well-defined negative correlations between TiO 2 and MgO below about 7% MgO might suggest fractionation of Fe-Ti oxides, but most mafic magmas do not saturate in Fe-Ti oxides at such primitive compositions. Instead the TiO 2 data probably indicate a combination of variability in initial Ti content and accumulation of oxides precipitating from liquids more evolved than the whole-rock composition. Positive Eu anomalies indicate the possibility of significant plagioclase accumulation (Fig. 7) .
Although the major element variation diagrams for each dike taken alone could be explained by fractionation or accumulation of crystals, the consistent observation of offset parallel trends for the Chengxiang and Luodian dikes vs those of the Fujunshan and Sanguandian dikes calls for further analysis of the petrogenetic relations among the whole ESQB suite.
The offset major element variations trends of the various dikes could, in principle, result either from differences in their primary magmas (e.g. degree of partial melting) or from multistage evolution processes such as mixing between primitive and evolved liquids or accumulation of phenocrysts into evolved liquids in the Fujunshan and Sanguandian population. In any scenario where the only evolution process is simple fractional crystallization the offset major element variation trends would indicate differences in the primary magma compositions among the various dikes, yet the isotopic and trace element data suggest a common source and degree of melting. Hence, we must examine evolution scenarios more involved than simple fractional crystallization.
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However, the Mg# of whole-rocks from the Chengxiang and Luodian dikes are all greater than 60. Similarly, the most magnesian olivine (Fo 68 ) from the Shoushan dike would be in equilibrium with melts with Mg# of 41, significantly lower than the Mg# (54-60) of the wholerocks. These observations show that these dikes do not represent liquid compositions in equilibrium with their phenocrysts. A likely alternative hypothesis is that these 0Á00091 0Á001762 0Á000011 0Á282429 0Á000031 0Á282408  1Á4 0Á5 1Á19 1Á50  5Á8  0Á2  FJS10-14 0Á100188 0Á00232 0Á002344 0Á000071 0Á282435 0Á000027 0Á282407  1Á4 0Á5 1Á20 1Á50  6Á1  0Á3  FJS10-15 0Á095219 0Á00332 0Á002321 0Á000062 0Á282456 0Á000035 0Á282428  2Á2 0Á6 1Á17 1Á46  5Á8  0Á4  FJS10-16 0Á066116 0Á00072 0Á001615 0Á000018 0Á282415 0Á000033 0Á282395  1Á0 0Á6 1Á20 1Á53  5Á8  0Á4  FJS10-17 0Á071096 0Á00048 0Á001953 0Á000002 0Á282387 0Á000036 0Á282363  À0Á1 0Á6 1Á26 1Á60  6Á0  0Á4  FJS10-18 0Á043129 0Á00023 0Á001212 0Á000004 0Á282385 0Á000024 0Á282370  0Á1 0Á4 1Á23 1Á59  5Á7  0Á4  FJS10-19 0Á078442 0Á00074 0Á002138 0Á000028 0Á282409 0Á000033 0Á282383  0Á6 0Á6 1Á23 1Á56  5Á8  0Á3  FJS10-20 0Á035351 0Á00103 0Á001172 0Á000023 0Á282388 0Á000028 0Á282373  0Á2 0Á5 1Á23 1Á58  5Á8  0Á3  FJS10-21 0Á062210 0Á00045 0Á001752 0Á000003 0Á282390 0Á000028 0Á282369  0Á1 0Á5 1Á24 1Á59  6Á1  0Á3  FJS10-22 0Á053052 0Á00037 0Á001573 0Á000021 0Á282398 0Á000027 0Á282378  0Á4 0Á5 1Á23 1Á57  À6Á3  9Á0  FJS10-23 0Á044801 0Á00012 0Á001311 0Á000011 0Á282406 0Á000026 0Á282390 0Á8 0Á4 1Á21 1Á54 3Á7 2Á4 FJS10-24 0Á057491 0Á00129 0Á001697 0Á000021 0Á282416 0Á000030 0Á282396 1Á0 0Á5 1Á20 1Á53 6Á0 0Á4 Sample SGD14, a mafic rock from the Sanguandian dike SGD14-01 0Á091626 0Á00385 0Á002031 0Á000086 0Á282606 0Á000097 0Á282582 7Á6 1Á7 0Á94 1Á11 5Á3 0Á2 SGD14-02 0Á090337 0Á00203 0Á001753 0Á000028 0Á282460 0Á000038 0Á282438 2Á5 0Á7 1Á14 1Á43 5Á5 0Á3 SGD14-03 0Á081165 0Á00185 0Á001523 0Á000035 0Á282514 0Á000037 0Á282496 4Á6 0Á6 1Á06 1Á30 6Á0 0Á2 SGD14-04 0Á074605 0Á00719 0Á001562 0Á000134 0Á282592 0Á000050 0Á282573 7Á3 0Á9 0Á95 1Á13 5Á1 0Á3 SGD14-05 0Á083906 0Á00337 0Á001895 0Á000089 0Á282476 0Á000056 0Á282453 3Á0 1Á0 1Á12 1Á40 6Á0 0Á2 SGD14-06 0Á090433 0Á00403 0Á001802 0Á000091 0Á282483 0Á000040 0Á282461 3Á3 0Á7 1Á11 1Á38 5Á3 0Á2 SGD14-07 0Á067760 0Á00219 0Á001386 0Á000059 0Á282604 0Á000044 0Á282587 7Á8 0Á8 0Á93 1Á10 5Á3 0Á3 SGD14-08 0Á019029 0Á00187 0Á000389 0Á000047 0Á282444 0Á000042 0Á282439 2Á5 0Á7 1Á13 1Á43 5Á7 0Á4 SGD14-09 0Á051412 0Á00130 0Á001056 0Á000036 0Á282468 0Á000047 0Á282455 3Á1 0Á8 1Á11 1Á40 5Á3 0Á3 SGD14-10 0Á089624 0Á00642 0Á002125 0Á000184 0Á282536 0Á000041 0Á282510 5Á1 0Á7 1Á05 1Á27 6Á0 0Á2 SGD14-11 0Á054698 0Á00164 0Á001282 0Á000015 0Á282459 0Á000041 0Á282443 2Á7 0Á7 1Á13 1Á42 6Á0 0Á2 SGD14-12 0Á091401 0Á00230 0Á001978 0Á000068 0Á282527 0Á000046 0Á282503 4Á8 0Á8 1Á05 1Á29 5Á5 0Á3 SGD14-13 0Á104157 0Á00311 0Á002379 0Á000095 0Á282480 0Á000040 0Á282451 3Á0 0Á7 1Á13 1Á40 5Á5 0Á2 Sample HLZ17, a diorite from the Huanglongzhen dike HLZ17-01 0Á152849 0Á00364 0Á004001 0Á000129 0Á282755 0Á000079 0Á282706  12Á0 1Á4 0Á77 0Á83  4Á4  0Á3  HLZ17-02 0Á081851 0Á00266 0Á002382 0Á000133 0Á282705 0Á000034 0Á282676  10Á9 0Á6 0Á81 0Á89  4Á5  0Á3  HLZ17-03 0Á068144 0Á00145 0Á001688 0Á000062 0Á282697 0Á000065 0Á282677  11Á0 1Á1 0Á80 0Á89  4Á7  0Á4  HLZ17-04 0Á091271 0Á00656 0Á002114 0Á000168 0Á282721 0Á000036 0Á282695  11Á6 0Á6 0Á78 0Á85  5Á3  0Á4  HLZ17-05 0Á075352 0Á00320 0Á002042 0Á000145 0Á282763 0Á000051 0Á282738  13Á1 0Á9 0Á71 0Á75  4Á7  0Á3  HLZ17-06 0Á115968 0Á00140 0Á002821 0Á000060 0Á282690 0Á000044 0Á282656  10Á2 0Á8 0Á84 0Á94  5Á0  0Á3  HLZ17-07 0Á112630 0Á00298 0Á002780 0Á000105 0Á282765 0Á000049 0Á282731  12Á9 0Á9 0Á73 0Á77  5Á0  0Á2  HLZ17-08 0Á096194 0Á00521 0Á002360 0Á000116 0Á282687 0Á000038 0Á282658  10Á3 0Á7 0Á83 0Á93  4Á4  0Á2  HLZ17-09 0Á060302 0Á00062 0Á001511 0Á000030 0Á282663 0Á000035 0Á282645  9Á8 0Á6 0Á85 0Á97  4Á8  0Á3  HLZ17-10 0Á130293 0Á00139 0Á002439 0Á000026 0Á282882 0Á000041 0Á282853  17Á2 0Á7 0Á55 0Á49  4Á9  0Á3  HLZ17-11 0Á099815 0Á00488 0Á002717 0Á000228 0Á282743 0Á000042 0Á282710  12Á2 0Á7 0Á76 0Á82  4Á3  0Á3  HLZ17-12 0Á115035 0Á01233 0Á003414 0Á000208 0Á282809 0Á000052 0Á282767  14Á2 0Á9 0Á67 0Á69  4Á9  0Á4  HLZ17-13 0Á075336 0Á00098 0Á001566 0Á000011 0Á282691 0Á000029 0Á282672  10Á8 0Á5 0Á81 0Á90  4Á7  0Á4  HLZ17-14 0Á070285 0Á00189 0Á001434 0Á000047 0Á282679 0Á000031 0Á282662  10Á4 0Á5 0Á82 0Á93  4Á6  0Á3  HLZ17-15 0Á093834 0Á00128 0Á002251 0Á000066 0Á282711 0Á000040 0Á282683  11Á2 0Á7 0Á79 0Á88  4Á5  0Á3  HLZ17-16 0Á081376 0Á00729 0Á003453 0Á000266 0Á282805 0Á000076 0Á282763  14Á0 1Á3 0Á68 0Á69  5Á0  0Á3  HLZ17-17 0Á095309 0Á00422 0Á002525 0Á000099 0Á282748 0Á000041 0Á282717  12Á4 0Á7 0Á75 0Á80  5Á0  0Á3  HLZ17-18 0Á089852 0Á00395 0Á001909 0Á000061 0Á282720 0Á000037 0Á282697  11Á7 0Á7 0Á77 0Á85  5Á3  0Á3  HLZ17-20 0Á084953 0Á00370 0Á001780 0Á000074 0Á282729 0Á000034 0Á282708  12Á1 0Á6 0Á76 0Á82  4Á2  0Á4  HLZ17-21 0Á111391 0Á00136 0Á002793 0Á000102 0Á282820 0Á000078 0Á282785  14Á8 1Á4 0Á64 0Á64  3Á6  0Á3  HLZ17-22 0Á090455 0Á00302 0Á002271 0Á000097 0Á282733 0Á000036 0Á282705  12Á0 0Á6 0Á76 0Á83  4Á4  0Á4  HLZ17-23 0Á091594 0Á00346 0Á001963 0Á000070 0Á282720 0Á000030 0Á282696  11Á6 0Á5 0Á77 0Á85  4Á6  0Á4  HLZ17-24 0Á073948 0Á00181 0Á002026 0Á000115 0Á282697 0Á000032 0Á282673  10Á8 0Á6 0Á81 0Á90  4Á9  0Á2  HLZ17-25 0Á066306 0Á00317 0Á001439 0Á000050 0Á282711 0Á000036 0Á282694  11Á6 0Á6 0Á78 0Á85  4Á8  0Á3  HLZ17-26 0Á136415 0Á00233 0Á002886 0Á000044 0Á282755 0Á000041 0Á282720  12Á5 0Á7 0Á74 0Á79  4Á6  0Á4  HLZ17-27 0Á116539 0Á00528 0Á003181 0Á000117 0Á282766 0Á000040 0Á282727  12Á8 0Á7 0Á73 0Á78  4Á8  0Á4  HLZ17-28 0Á102115 0Á00312 0Á002080 0Á000055 0Á282734 0Á000038 0Á282708  12Á1 0Á7 0Á76 0Á82  4Á4  0Á4  HLZ17-29 0Á074217 0Á00470 0Á001510 0Á000088 0Á282723 0Á000029 0Á282705  12Á0 0Á5 0Á76 0Á83  4Á5  0Á4  HLZ17-30 0Á089625 0Á00513 0Á002074 0Á000160 0Á282701 0Á000031 0Á282676  10Á9 0Á5 0Á80 0Á89  4Á5  0Á2  HLZ17-31 0Á111438 0Á00470 0Á002387 0Á000150 0Á282728 0Á000037 0Á282699  11Á8 0Á6 0Á77 0Á84  4Á5  0Á2  HLZ17-32 0Á083307 0Á01011 0Á001660 0Á000161 0Á282721 0Á000034 0Á282701  11Á8 0Á6 0Á77 0Á84  4Á7  0Á5  HLZ17-33 0Á099119 0Á00535 0Á001935 0Á000112 0Á282744 0Á000035 0Á282720  12Á5 0Á6 0Á74 0Á79  4Á4  0Á3  HLZ17-34 0Á090109 0Á00347 0Á002140 0Á000116 0Á282712 0Á000048 0Á282686  11Á3 0Á8 0Á79 0Á87  4Á4  0Á4  HLZ17-35 0Á138339 0Á00109 0Á002994 0Á000038 0Á282789 0Á000034 0Á282753  13Á7 0Á6 0Á69 0Á72  4Á2  0Á4 dikes experienced olivine accumulation, raising the Mg# of the whole-rock composition without changing the Fo content of the olivine. Given the clear textural and compositional evidence of accumulation in some samples (Fig. 2) and the arguments above for a uniform source and degree of melting for the ESQB dikes, we explored a hypothesis for derivation of all the whole-rock compositions of the samples from a common parent magma. The scenario that we choose to model begins with conventional fractional crystallization along a liquid line of descent. As each dike tends to form sub-linear trends in most major element variation diagrams, we presume that the observed whole-rock consists of a particular liquid occurring along this liquid line of descent mixed with variable proportions of the equilibrium phenocryst assemblage forming in that same liquid. We tested, for each analysis, for the best-fitting model allowing for assimilation of olivine only, of olivine and plagioclase, or of olivine, plagioclase and clinopyroxene. In each case, the results of a MELTS model (Ghiorso & Sack, 1995) of the liquid line of descent and its fractionating solid minerals was used to define the mixing endmembers. The fitted parameters for each sample were the degree of progress along the liquid line of descent and the proportions of the assimilated phases; everything else is determined by the MELTS model and the choice of primary liquid composition and fractionation conditions (assumed to be the same for all samples).
To generate the master liquid line of descent for this modeling exercise, we selected the composition that appears least affected by alteration or accumulation and most likely to represent a liquid composition, sample CX01 from the Chengxiang dike. This is a primitive sample with the lowest total FeO and TiO 2 (Figs 6 and  8) . It passes the augite fractionation test of Herzberg & Asimow (2015) , suggesting that it could be derived from a primary melt of peridotite by olivine fractionation only. We incrementally added liquidus olivine to this sample extending up to a liquid with Mg# ¼ 85, in equilibrium with Fo 94Á5 olivine. We are confident that the primary melt lies somewhere along this olivine control trend, but we have no particular basis for choosing where along this trend the primitive melt was (it is outside the calibrated range of the PRIMELT3 primary melt solution of Herzberg & Asimow (2015) ). In any case, we then ran a conventional isobaric fractional crystallization model at 0Á1 GPa pressure, 0Á23 wt % initial H 2 O content, and 1Á3 log units more reducing than the quartz-fayalite-magnetite oxygen buffer. These fractionation conditions were selected to ensure that the liquid line of descent passes through CX01, while fractionating only olivine, and then continues through plagioclase, clinopyroxene, and ultimately magnetite saturation. The changes in the fractionating phase assemblage create sharp changes in the trends of the liquid line of descent on major element variation diagrams. Notably, this liquid line of descent passes close to the low-MgO end of the data array from each of the EQSB dikes (Fig. 9) .
In searching for best-fitting models for the accumulation of phenocrysts into each dike, we found that only models that mixed liquids with their equilibrium olivine produced useful results. Models with assimilation of plagioclase or clinopyroxene yielded unreasonably low melt fractions and extremely high inferred trace element contents in the melt component. We chose, for each sample, the temperature where the liquidþolivine mixing model provided the best fit. This model is quite successful for the petrographically fresh Chengxiang and Luodian dikes, for which the FeO*-MgO, CaO-MgO, and Al 2 O 3 -MgO diagrams illustrate that each dike clusters along a mixing line between a point on the liquid line of descent and the corresponding olivine composition (Fig. 9) . The model fails to provide a simple explanation for the observed whole-rock chemistry of the other dikes. There could be several explanations for this. First, we have noted that all the other dikes are plainly altered and this may have affected their wholerock chemistry in a variety of ways. Second, the CaOMgO diagram suggests that clinopyroxene assimilation may have happened in some samples, but the nearly antiparallel augite and olivine assimilation vectors drive the models towards unreasonably low melt fractions. Third, this model only tests the simple hypothesis of mixing between fractionating liquids and their own equilibrium phenocrysts; any xenocryst populations or relative movement of crystals into more or less fractionated liquids was not tested.
The implications of this model are that the major element chemistry of the Chengxiang and Luodian dikes can be understood by internal processes that involve only fractionation and assimilation of crystals grown from the dike liquid itself. Such processes would not affect the isotopic compositions. However, we can use the modeled proportion of assimilants and estimates of trace element partition coefficients to correct the trace element content of each whole-rock to estimate the trace element content of the liquid fraction. This is most successful in the Chengxiang and Luodian samples, whose Ni-MgO trends are too flat to represent progressive fractional crystallization trends, but which all project, after subtraction of the modeled fraction of olivine phenocrysts, close to a common liquid line of descent (Fig. 9) . Other trace elements in the Chengxiang and Luodian samples also project to a common liquid line of descent after subtraction of the added olivine, but for incompatible elements it is difficult to distinguish between the effects of simple olivine fractionation and the proposed mixing model.
Melting of ancient subcontinental lithospheric mantle?
Ancient continental mantle can extend to depths of over 200 km and persists despite the forces of mantle dynamics for billions of years (Griffin et al., 2003; King, 2005) . These ancient mantle reservoirs may have been depleted and dehydrated during their early evolution and thus have unradiogenic Nd and Pb isotopes (Griffin et al., 2003) . For example, the peridotites from the Horoman orogenic massif in Japan exhibit very low Pb isotope ratios and represent ancient mantle domains depleted around a billion years ago (Malaviarachchi et al., 2008) . Some alkaline volcanic rocks that have Pb isotope compositions plotting to the left of the geochron are also thought to be derived from ancient subcontinental lithospheric mantle (e.g. Fraser et al., 1985; Murphy et al., 2002; Mirnejad & Bell, 2006; Kamenov et al., 2011) . Therefore, unradiogenic Pb isotopic compositions in a magma generally imply a multi-stage history for its mantle source and contribution of ancient continental lithospheric mantle to the petrogenesis (e.g. Tappe et al., 2007) .
The mafic and ultramafic rocks from the ESQB dikes have high initial 87 Sr/ 86 Sr ratios (0Á705192 to 0Á706622) and negative eNd values (-7Á11 to -4Á45), with Nd model ages of 1Á96 to 2Á46 Ga (Table 3 and Fig. 11 ). Their present Pb isotope compositions fall to the left of the geochron, lie below the Stacey-Kramers growth line (Zhao & Zhou, 2009; Zhao et al., 2010a) . The Archean Kongling complex is from Gao et al. (1999) . Field for Kamchatka lavas is from Kepezhinskas et al. (1997) . The mantle and crustal end-members are from Sun & McDonough (1989) . (Stacey & Kramers, 1975) , and plot approximately along the evolution curve of the model mantle (Fig. 12) . The primitive rock samples from the Chengxiang and Luodian dikes have low Th/U ratios of 0Á74-3Á8 and nearly coincide with the 1Á0 Ga model mantle isochron (Fig. 12) . These isotopic characteristics are consistent with a long time-integrated mantle evolution with low Sm/Nd and U/Pb ratios without significant recent modification by slab-derived components, suggesting that the mafic and ultramafic rocks from the ESQB dikes were probably derived from a Meso-to Early Proterozoic mantle source.
However, the available Pb isotope measurements of lithospheric mantle xenoliths typically plot to the right side of the geochron, suggesting that low-U reservoirs are rare in the lithospheric mantle (Murphy et al., 2002) . In addition, the lithospheric mantle beneath the northern and western margins of the Yangtze Block was strongly modified by slab-derived materials during more than 100 Myr of subduction in the Neoproterozoic (Zhao et al., 2011) . Assuming that a fragment of ancient SCLM was trapped early in the development of the active continental arc, it is unlikely that it would escape chemical modification by the long-term Neoproterozoic subduction. In fact, the widely distributed, arc-affinity, 850-750 Ma igneous rocks from the western margin of the Yangtze Block are supposed to have been derived from Neoproterozoic subduction-modified lithospheric mantle; they also show relatively unradiogenic isotope compositions and plot to the left of the geochron (Zhu et al., 2007) . Therefore, the unradiogenic Pb isotope compositions of the ESQB dikes are not indicative of a Meso-to Early Proterozoic mantle source (Fig. 12) . In addition, the magmatic zircon grains from the ESQB dikes have eHf values ranging from -1Á5 to þ10Á0, dominantly in the range of -0Á5 to þ3Á3, with average eHf of 1Á21 6 0Á34 (2r, MSWD ¼ 9Á2), which is significantly lower than the eHf values of the depleted mantle (eHf 650Ma ¼14Á7), suggesting that the low eHf values of the ESQB dikes were unlikely to have resulted from inheritance from ancient lithospheric mantle. Therefore, the mafic and ultramafic rocks from the ESQB dikes in this study were not produced by melting of an ancient, Meso-to Early Proterozoic lithospheric mantle; this suggests that ancient lithospheric mantle may have been largely absent, thinned, or delaminated beneath the Yangtze Block.
Derivation from the Neoproterozoic subductionmodified mantle
The mafic and ultramafic ESQB dikes have typical arclike trace element compositions, characterized by enrichment of LILE and depletion of HFSE (Nb, Ta, Zr and Hf). Although negative Nb-Ta anomalies can be caused by crustal contamination, the mafic and ultramafic rocks show obviously negative Zr-Hf anomalies in their primitive mantle-normalized trace element patterns Zimmer et al. (1995) . The Neoproterozoic Hannan gabbros (Zhao & Zhou, 2009 ) and the Huangling mafic dikes (Zhao et al., 2010a) are shown for comparison. Felsic gneiss, metasediment and amphibolite of the Archean Kongling complex are from Gao et al. (1999) and Zhang (2008) . The curves are EC-AFC modeling results which show that the primitive basaltic melts were contaminated under lower crustal conditions (Zhao et al., 2013, Table 5 ). Numbers along the lines are percentages of crustal contamination. The ESQB dikes could be explained by 10-15% contamination (of average lower crust) of the primitive mafic melts represented by the Hannan gabbros. Pb for the mafic and ultramafic dikes from the South Qinling Belt. (a, b) Three-stage Pb isotopic evolution modeling of the mafic-ultramafic rocks. The reference m values for the second-stage Pbevolution of the upper and lower crust from 3Á0 to 2Á0 Ga are 15 and 5, respectively. The reference m values for the third-stage Pb-evolution are inferred to be 6. The melts produced by mixing between the lithospheric mantle-derived magmas and the ancient granulite facies lower crust have unradiogenic Pb isotopic compositions, as represented by the green field which was constrained by the model mantle and the granulite facies lower crust at 0Á65 Ga. Curves representing the evolution of idealized upper crust, lower crust, orogene and mantle Pb are from the 'Plumbotectonics' model (Zartman & Doe, 1981) . The Stacey-Kramers (S&K) growth curve and 4Á57 Ga meteorite geochron are from Stacey & Kramers (1975) . The ancient subcontinental lithospheric mantle is from Tappe et al. (2007) . Pb isotopic compositions of the Archean Kongling complex are shown for comparison (Zhang, 2008) . (Fig. 7) , suggesting their mantle sources were modified by materials derived from a subducted oceanic slab. The Neoproterozoic mafic and ultramafic rocks in the western margin of the Yangtze Block were derived from subduction-modified lithospheric mantle in an active continental margin setting, as mentioned above (Zhao & Zhou, 2007; Zhao et al., 2011 and references therein) . Thus, it is reasonable to conclude that the arc-like mafic and ultramafic dikes in this study were partial melts of similar mantle sources.
Components of subducting slabs can be introduced into overlying mantle wedges via mobile fluids Turner et al., 1997; Class et al., 2000) or melts (Stern & Kilian, 1996; Elliott et al., 1997; Hawkesworth et al., 1997; Mü nker, 2000; Stracke et al., 2003) . The budget of large ion lithophile elements (LILE, e.g. Rb, Ba, U) and H 2 O in arc magmas is controlled by fluid influx (Stolper & Newman, 1994) , whereas enrichment of relatively immobile REE and HFSE (e.g. Th, Zr, Hf, Nb.and Ta) in mantle sources is commonly attributed to introduction of slab melts (Tatsumi, 1989; Keppler, 1996; Turner et al., 1997) . Therefore, ratios of LILE/REE and LILE/HFSE are sensitive to the relative importance of fluids and melts in the petrogenesis of given arc magmas. For example, mantle sources modified by slab melts are likely to have lower Th/Zr, Rb/Y (Kepezhinskas et al., 1997) and Ba/Nb and Ba/Th ratios than those dominated by fluid input. Rocks from the Chengxiang and Luodian dikes have low concentrations of Rb (1Á10-4Á35 ppm) and U (0Á06-0Á28 ppm), suggesting that their source regions were not significantly modified by slab-derived fluids. Although interaction between the magmas and the ancient granulite lower crust, as discussed later, must have modified their trace element compositions, the mafic-ultramafic rocks from the ESQB dikes have similar or even higher Nb/Zr, Th/Yb, Nb/Yb and Nb/Y ratios than those of the lower crust (Fig. 10) . Their low Th/Zr (0Á007-0Á013), Th/Yb (0Á34-0Á61) and Rb/Y (0Á32-0Á85) ratios and high Nb/Zr (0Á06-0Á08), Nb/Yb (2Á92-4Á47) and Nb/Y (0Á24-0Á40) ratios are features typical of lavas derived from sub-arc mantle peridotites enriched by siliceous slab-derived melts ( Fig. 10 ; e.g. Kepezhinskas et al., 1997) . It is likely, then, that the ESQB dikes were partial melts of a mantle source modified mostly by slab-derived melts.
The chemical compositions of the ESQB dikes are also similar to those of the Neoproterozoic Hannan mafic-ultramafic rocks (Figs 1a and 10) , which are thought to have been derived from a subductionmodified mantle wedge with minimal crustal contamination (Zhao & Zhou, 2009; Wang et al., 2016) . Rocks from the Hannan intrusions have high average zircon d
18 O (6Á0 6 0Á4& to 6Á6 6 0Á3&) and eHf values (5Á52 6 0Á85 to 5Á67 6 0Á47), attributed to the influence of 2% to 5% slab-derived sediment melt in their sources (Wang et al., 2016) . The rocks from the ESQB dikes have a limited range of zircon d
18 O values (þ4Á95 to þ6Á41), but highly variable eHf values (-0Á5 to þ10Á0) (Fig. 13) .
Their high-eHf end-member is comparable with some of the eHf values of the Hannan intrusions. Given that zircons with the highest eHf values crystallized from primary magmas and given the leverage in mixing calculations that arises from the contrasting Hf concentrations of the end-members (Kemp et al., 2007) , the mantle source of the ESQB dikes requires less than 5% oceanic sediment-derived melt contribution and Hf m /Hf s ratios of 0Á01 to 0Á05 (Fig. 13) .
Interaction between the mafic magma and the ancient granulite lower crust
Rocks from the ESQB dikes have high initial 87 Sr/ 86 Sr ratios, negative eNd values and unradiogenic Pb isotope compositions, compared with MORB and the Hannan mafic-ultramafic intrusions (Figs 11 and 12 ; Zhao & Zhou, 2009; Wang et al., 2016) . Their zircon eHf values span a wide range, but most of the samples lie between -0Á5 and þ3.3 (Fig. 13) . These isotopic compositions cannot be attributed to contamination by the upper crust or melting of ancient subcontinental lithospheric mantle, as discussed above. Alternatively, the low Nd-Pb-Hf isotope ratios of the ESQB dikes might be inherited from interactions with ancient lower crust during their emplacement or in a deep-crustal magma chamber.
The lower crust is composed of low m (m¼
Pb) granulite-facies rocks whose Pb isotope ratios evolve slowly, yielding granulites with unradiogenic Pb isotopic compositions compared to the upper crust (Rudnick & Goldstein, 1990) . Therefore, lower-crustal granulites are generally considered to be the unradiogenic Pb reservoir needed to balance the radiogenic Pb of the mantle and upper crust (O'Nions et al., 1979) , although this reservoir is probably too small to resolve the Pb paradox (Rudnick & Goldstein, 1990; Zheng et al., 2004a (Fig. 12) , all samples from the ESQB dikes plot between the mantle and lower crust curves. The only potential contaminants with j values higher than the model mantle value of 3Á5 are rocks having a long residence in the lower crust or derived by reworking of old lower crust (Shen et al., 2014) . Therefore, the radiogenic Sr and unradiogenic Nd and Pb isotope compositions of the ESQB dikes are likely to reflect variable degrees of interaction between mantlederived magma and ancient lower crust during their emplacement (e.g. Sultan et al., 1992; Shen et al., 2014) .
Data for enough possible components are available to support the application of a three-stage Pb-isotope evolution model to quantitatively address the petrogenesis of the ESQB dikes (Shen et al., 2014 (Zartman & Doe, 1981) . We take the age of both upper and lower crust in the Yangtze Block to be 3Á0 Ga (t 1 ) based on widespread Archean crustal ages: 2Á6 to 3Á3 Ga igneous zircons in the Kongling terrane (Gao et al., 1999; Qiu et al., 2000; Zhang et al., 2006a ) and the Dabie orogenic basement (Wu et al., 2008; Jian et al., 2012) , as well as xenocrystic zircons in Proterozoic lamproite diatremes with U-Pb age populations of 2900-2800 Ma and 2600-2500 Ma and Hf model ages of 2Á6 to c.3Á5 Ga (Zheng et al., 2006) . The upper and lower crust started to evolve at 3Á0 Ga with m¼15 and m¼5, respectively (Fig. 12) . Subsequently, the lower crust underwent high-pressure granulite facies metamorphism and crustal reworking at $2Á0 Ga (t 2 ) (Gao et al., 1999; Wu et al., 2008; Yin et al., 2013) . Granulite facies lower crust evolved after this time with m¼6. At around 650 Ma, partial melts of the previously subductionmodified lithospheric mantle mixed with the granulites in the lower crust, generating the parental magmas of the mafic and ultramafic dikes in the ESQB. The Pb isotope range of their parental magmas is constrained by the model mantle and the granulite facies lower crustal rocks at 0Á65 Ga in the plot of 206 Pb/ 204 Pb vs 207 Pb/ 204 Pb (the triangle in Fig. 12 ). The ESQB dikes have Pb isotope compositions that overlap with the field predicted by the proposed model (Fig. 12) .
Interaction between mantle-derived melts and the ancient granulite facies lower crust is also confirmed by the zircon Hf-O isotope compositions. O-isotopes in zircons are insensitive to crustal contamination due to the high abundance of O in mafic magmas. However, Hf concentrations in mafic magmas are often an order of magnitude lower than in crustal rocks, and so their Hf isotopes are easily influenced by crustal contamination. Some zircon grains from the ESQB dikes with high eHf and mantle-like d
18 O values are considered to have crystallized from the primary magmas. However, most of the magmatic zircons show eHf values ranging from -1Á5 to þ5Á1, lower than the primitive zircon eHf values (þ7Á3 to þ10Á0) or those of the Hannan mafic-ultramaifc rocks (eHf ¼ þ2Á3 to þ7Á8), despite mantle-like d
18
O values (Wang et al., 2016) , consistent with lower crustal contamination (Fig. 13) . Based on the above Pb isotope evolution model, Hf-O isotope compositions for the granulite-facies lower crust are inferred from the Archean Kongling complex, in which the felsic gneiss and metasediment have extremely negative zircon eHf (650 Ma) values (-29Á0 to -59Á4) and relatively low d
18 O in zircon (5Á61& to 7Á75&) and quartz (9Á28& to 11Á42&) (Zhang et al., 2006a, b (Fig. 13) .
The same conclusion is further constrained by whole-rock Sr-Nd isotopes using EC-AFC modeling ( Fig. 11 and Table 5 ). Open-system fractionation is strongly energy dependent, and thus we use the energyconstrained assimilation and fractional crystallization (EC-AFC) model of Spera & Bohrson (2001) to evaluate the degree of lower crustal contamination in the maficultramafic dikes on the basis of the 87 Sr/ 86 Sr i vs eNd diagram. The Neoproterozoic Hannan gabbros are considered to be free of crustal contamination and thus their Sr-Nd isotope values could represent those of the primary magmas (Zhao & Zhou, 2009; Wang et al., 2016) . The bulk composition of the granulite facies lower crust is represented by 50% felsic gneiss, 35% mafic rocks and 15% metasediments (Rudnick & Gao, 2003) , whose Sr-Nd isotope compositions are estimated from the Archean Kongling complex (Table 5 ; Gao et al.,1999; Zhang, 2008) . The EC-AFC modeling results show that Sr-Nd isotope compositions of the ESQB dikes could be well explained by c.10% lower crustal contamination of the primitive melts (Fig. 11) .
In summary, we find that the ESQB dikes were derived from subduction-modified lithospheric mantle, with the subduction component dominated by sediment melt contributions. The magmas that would form the dikes further underwent two stages of evolution in the continental crust. In the first stage, the magmas were probably stored in the lower crust. Strong interaction with ancient materials at this level produced hybrid magmas with low Nd, Pb and Hf isotopic signatures. In the second stage, the magmas experienced fractional crystallization, followed in some cases by accumulation of their phenocrysts, and a minor contribution of supracrustal contaminants recognizable in only a few late-stage mineral compositions.
Heterogeneous asthenospheric mantle for the mafic dikes from WSQB Mafic rocks from the WSQB dikes have different trace element ratios from those of the ESQB dikes (Figs 8 and   10 ). They also have higher whole-rock eNd and more radiogenic Pb isotope ratios, and higher zircon eHf values than the ESQB dikes (Figs 11-13 ), These elemental and isotopic compositions suggest that the WSQB dikes were derived from a mantle source different from that of the ESQB dikes.
Two types of MORB-affinity magmas
Rocks from the Xiliuhe and Dayangou dikes show flat REE patterns (Fig. 7) . They are depleted in incompatible trace elements (Rb, Ba and Th) and relatively enriched in HREE in normalized trace element patterns (Fig. 7) . They have very low Th concentrations (0Á08-0Á27 ppm) and low K/Ti (3Á5-17Á7), Nb/Zr (0Á01-0Á03), Nb/Yb (0Á27-1Á1), Th/Yb (0Á04-0Á10), Nb/Y (0Á02-0Á10) and Rb/Y (0Á01-0Á26) ratios that are all in the range of N-MORB (Fig. 10) . The most primitive samples have high whole-rock eNd values of þ5Á46 to þ5Á85 (Table 3) , lying in the field of the Neoproterozoic depleted mantle (Fig. 11) . These lines of evidence indicate that rocks from these two dikes were derived from normal asthenospheric mantle. However, the Huanglongzhen dike shows significant LREE enrichment (Fig. 7) . The rocks also are enriched in Nb, Ta, La and Ce and depleted in Th and U, with positive Pb and Sr anomalies in normalized trace element patterns (Fig. 7) . They have eNd values (þ2Á75 to þ3Á48) lower than those of primitive N-MORB-type rocks (Fig. 11) and strongly positive zircon eHf values of þ10Á2 to þ17Á2 (Fig. 13) . The primitive samples of the Huanglongzhen dike have relatively high Th ($0Á6 ppm). Their K/Ti (12-49), Zr/Th (89-179), Nb/Zr (0Á11-0Á14), Th/ Yb (0Á27-0Á57), Nb/Yb (5Á34-7Á42), Rb/Y (0Á09-0Á62) and Nb/Y (0Á50-0Á69) ratios are reminiscent of E-MORB (Fig. 10) . In general, the Huanglongzhen dike has an E-MORB-type geochemical affinity (Smith et al., 2001 ). 
Thermal parameters are from Bohrson & Spera (2001) . Compositional parameters are from Zhao et al. (2013) and references therein. The bulk compositions of the lower granulite crust are estimated by 50% felsic gneiss þ 35 mafic rocks þ15% metasediments (Rudnick & Gao, 2003) , in which the mafic rock is represented by amphibolite from the Kongling complex.
Both types of dike underwent variable amounts of crustal contamination. The N-MORB-type rocks have negative Nb-Ta and positive Pb anomalies in mantlenormalised trace element patterns that probably resulted from crustal contamination (Fig. 7) . The population exhibits some scatter in eNd, þ3Á02 to þ5Á85 (Table 3) . Their Pb isotope compositions plot to the left of the geochron and lie at the intersection of the 0Á65 Ga geochron and the model mantle (Fig. 12) , suggesting that their model ages are older than their emplacement age. Their Pb isotope data are more radiogenic than those of the ESQB dikes, implying that the N-MORBtype rocks may have experienced less contamination by ancient lower crust (Fig. 12) . However, the E-MORBtype rocks have more radiogenic and scattered Pb isotope compositions, suggesting that supracrustal components, characterized by low j and high m, played an important role. This hypothesis is also confirmed by the zircon Hf-O isotopic values. O magmas can be generated by melting of supracrustal rocks that had previously exchanged with meteoric waters at high temperature (e.g. Gilliam & Valley, 1997; Monani & Valley, 2001) . Many Neoproterozoic igneous zircons in metamorphic rocks from the Tongbai-Dabie-Sulu orogenic belt along the northern margin of the Yangtze Block show low d
18 O values ( 4&), indicating contamination by high-temperature altered rocks (Zheng et al. 2004b; Wu et al. 2007; Fu et al. 2013) . Similarly, zircon grains from sample HLZ17 show higher eHf (þ10Á2 to þ14Á8) and lower d
18 O values (þ3Á64 to þ5Á33) than those of the ESQB dikes (Fig. 13) , suggesting contamination by high-temperature hydrothermally-altered rocks.
The correlations between Sr, Nd and Pb isotopes suggest that the mafic rocks from the WSQB dikes were produced by mixing of asthenospheric mantle-derived basaltic magmas with crustal materials. Because the enrichment of the Pb concentration in the upper continental crust, relative to mantle-derived basalts (2-10), is higher than that of Sr and Nd (0Á5-2Á0 and 1Á0-5Á0, respectively), the Pb isotope compositions of contaminated magmas are shifted more readily toward the crustal value than Sr or Nd isotope ratios (Rudnick & Goldstein, 1990) . On the basis of isotopes alone, then, one might speculate that the E-MORB-type magmas evolved from the N-MORBtype magmas by upper crustal contamination. However, the chemical differences between the N-MORB-type and the E-MORB-type rocks rule out this possibility. For example, the two suites do not form an evolution trend in the HFSE and REE diagrams (Fig. 8) and the E-MORB group does not plot between the N-MORB group and any likely crustal component (Fig. 10) . Instead, we argue that the differences between the E-MORB and N-MORB-like groups are inherited from heterogeneous asthenospheric source regions.
Heterogeneous asthenospheric mantle formed by subduction
N-MORB, generally considered to be produced by melting of depleted peridotite, is characterized by low abundances of incompatible elements and low Sr-Pb and high Nd-Hf isotope ratios (Hofmann, 1997) . By contrast, E-MORB has high abundances of incompatible trace elements and more radiogenic Sr-Pb isotopic compositions (Saunders et al., 1988) . The origin of E-MORB sources has long been a matter of debate, most of which has focused on the nature of enriched components that are mixed with the N-MORB source: among other possibilities, they might represent small volumes of OIB or subducted seamounts Ulrich et al., 2012) or peridotite previously enriched by low-degree partial melts in the oceanic lithosphere or during subduction (Niu et al., 1999 (Niu et al., , 2002 Donnelly et al., 2004; Nauret et al., 2006) .
In this study, the mafic rocks from the WSQB dikes show distinct N-MORB and E-MORB-type elemental compositions (Fig. 10) . It is well-known that the western and northern margins of the Yangtze Block record longterm subduction during the Neoproterozoic, from >850 Ma to 750 Ma (Panxi-Hannan arc system in Fig. 1a ; Zhao et al., 2011 and references therein) . Therefore, it reasonable to infer that the subducted oceanic slab beneath the northern margin of the Yangtze Block achieved substantial penetration to depth and may have been extensively mixed into the local asthenospheric mantle by 650 Ma. The most primitive samples from the E-MORB-type dike have lower eNd values and higher Pb isotope compositions than the primitive samples from the N-MORB-type dikes (Figs 11 and 12 ). They also have higher Nb/Zr, Nb/Yb and Nb/Y ratios and low Th/Zr and Rb/Y ratios (Fig. 10) . These signatures could be consistent with the presence of either OIB-like or slab-melt derived components in their petrogenesis. There is no particular evidence of any plume activity in the area, so a slab-derived source for the enriched component in mantle source of the E-MORB-like WSQB dike is preferred.
PETROGENETIC IMPLICATIONS AND GEODYNAMIC MODEL
The supercontinent Rodinia is thought to have been assembled through worldwide orogenic events between 1300 Ma and 900 Ma and subsequently broken up after 750 Ma due to the impact of a mantle plume (Li et al., 2008 , Cawood et al., 2016 . Proterozoic mafic dikes are widespread in many Precambrian cratons and are thought to record magmatism related to this same mantle plume (e.g. Ernst et al., 1995; Park et al., 1995) . It has been proposed in some reconstructions that South China was located at the center of Rodinia, and in this view the Jiangnan Fold Belt of the southeastern Yangtze Block is interpreted as part of the Grenvillian orogenic belt; the Neoproterozoic igneous rocks around the Yangtze Block are assigned to the activity of the mantle plume that accompanied break-up (Li et al., 1995 (Li et al., , 2004 (Li et al., , 2008 . However, new zircon U-Pb ages reveal that the Jiangnan Fold Belt formed at around 830 Ma. Furthermore, the Neoproterozoic igneous rocks along the western margin of the Yangtze Block show a subduction-affinity geochemistry and constitute part of the Panxi-Hannan arc system ( Fig. 1a ; Zhou et al., 2002; Zhao et al., 2011 and references therein) , ruling out the possibility that the South China Block was situated at the center of Rodinia. A reconstruction more consistent with available data places the South China Block at the northwestern margin of Rodinia, with the Panxi-Hannan arc being contiguous and coeval with the Greater India continental arc (Zhou et al., 2006) . Subduction-driven magmatism along the western and northern margins of the Yangtze Block spanned a period from about >850 to 750 Ma (Zhou et al., 2002; Zhao et al., 2011 ). An unconformable contact between the Neoproterozoic and the overlying Sinian ($700 Ma) strata marks the termination of the arc setting. Therefore, the voluminous 650 Ma mafic and ultramafic dikes from the South Qinling Belt were produced in a passive or rifting tectonic setting following the cessation of a long period of subduction and are unrelated to any known mantle plume. The mafic and ultramafic dikes in this study, therefore, are assigned to a rifting continental margin, but not to the breakup of Rodinia.
The compositions of the ESQB and WSQB dikes described herein reflect the dynamics of their mantle sources as well as processes during their ascent and emplacement. The ESQB dikes are partial melts of previously subduction-modified lithospheric mantle, and underwent strong contamination by ancient granulite facies lower crust and minor upper crustal contamination, suggesting that the primitive mafic melts underwent at least two stages of evolution in the continental crust (Fig. 14) . This two-stage model could be applied to magmas formed within relatively thick lithosphere in which mantle-derived melts could be easily stored in the mid-to lower crust and further differentiated at shallow crustal depths (Fig. 14) . The ESQB dikes further reveal that chemically homogeneous mafic magmas in rift settings do not always ascend rapidly, without interaction with the continental crust. The primary mantlederived magmas can assimilate various crustal materials from the lower to the upper crust, depending on the development of magma chambers (e.g. Cashman et al., 2017) . Thus, evaluating the origin and assimilation history of mafic rocks may provide robust information on the physicochemical conditions experienced during their parental magma evolution and facilitate the reconstruction of the whole magmatic system. In contrast, the WSQB dikes were derived from normal or slightlyenriched asthenospheric mantle and experienced at most minor lower crustal contamination but significant involvement of supracrustal materials, indicating that the asthenosphere-derived hot melts were more buoyant and were emplaced more rapidly into the upper crust. No ESQB-like dikes have been identified in the WSQB, probably due to the thin or absent lithospheric mantle (Fig. 14) . Therefore, magmatism in rift settings is largely controlled by the structure and composition of the lithosphere, in which voluminous melting can be induced by upwelling and decompression melting of the asthenosphere (Fig. 14) . The petrological model proposed for the SQB dikes may be of wider applicability for other rift settings in Rodinia (Cawood et al., 2016) . The arc-affinity rocks were partial melts of previously subduction-modified lithospheric mantle due to upwelling of asthenosphere. The N-MORB-type magmas were produced by decompression melting of normal asthenospheric mantle, whereas the E-MORB-type magmas were formed by melting of a locally enriched mantle source. The dikes underwent two stages of evolution in the ancient lower crust and the upper crust, associated with fractional crystallization and mineral accumulation.
Constraints on the dynamics of mantle sources and magmatic processes preserved within mafic magmatic products are critical tools for reconstructing the formation and evolution of passive continental margins through stages from early intraplate rifting to late continental breakup. Continental rifting is typically characterized by voluminous mafic dike swarms and flood basalts, followed by the formation of oceanic crust (Ernst et al., 1995; Park et al., 1995; Ziegler & Cloetingh, 2004; Pirajno, 2007; Rooney et al., 2012) . However, the causes of magmatism in rifted continental margins are not clear: the need for involvement of mantle plumes with high potential temperatures, for mantle diapirs associated with small-scale convection, or for anomalously fertile source compositions have long been a matter of debate (Ziegler & Cloetingh, 2004; Rooney et al., 2012) . Abundant magmatism in some rifted continental margins, such as the Cenozoic East African rift (Rooney et al., 2012) and the East Greenland rifted margin (Tegner et al., 1998) , has been assigned to the impact of mantle plumes, whereas non-volcanic passive continental margins are generally thought to be tectonically and magmatically inactive after continental break-up (Ziegler & Cloetingh, 2004) . The South Qinling Belt formed the passive continental margin of South China during the late Neoproterozoic (<720 Ma), the breakup of Rodinia having been essentially complete by this time. Although no synchronous volcanic rocks have been identified in the region, the preserved 650 Ma mafic-ultramafic dikes are quite abundant and suggest that an active magma plumbing system may have evolved beneath this 'non-volcanic' passive continental margin. Both earlier subduction-modification of the lithospheric mantle and upwelling of asthenosphere are essential for generating such a magmatic system, which may continue to modify the thermal structure and composition of the continent long after rifting has ended. This conclusion is supported by geophysical data for a modern non-volcanic passive margin in the Gulf of Aden (Korostelev et al., 2016) .
CONCLUSIONS
1. The c.650 Ma mafic and ultramafic dikes from the South Qinling Belt are classified into two groups with different mantle sources and crustal contamination histories. The ESQB dikes were derived from a previously subduction-modified lithospheric mantle followed dominantly by contamination with Archean granulitic lower crust. The fresh Chengxiang and Luodian dikes experienced mostly olivine fractionation. Shortly after saturation with clinopyroxene and plagioclase, they experienced accumulation of locally-derived olivine, generating mixing trends between liquids along a common line of descent and the coexisting olivine composition. The other ESQB dikes experienced larger degrees of gabbroic fractionation but are, in general, too altered to quantitatively assess any phenocryst accumulation that may have occurred. 2. The parental magmas of the mafic dikes from the WSQB were derived from a heterogeneous asthenospheric mantle. The N-MORB-type dikes were partial melts of a normal depleted-mantle source, whereas the source of the E-MORB-type dike probably was modified by subducted components during the previous episode of long-term subduction. 3. The studied South Qinling Belt dikes were emplaced in an extensional tectonic setting, after long-term Neoproterozoic subduction beneath the northern margin of the Yangtze Block had ended. Their complex origins and multi-stage magma evolution likely reflect both the structure of the lithosphere at the time and the physical characteristics of the evolving magmas themselves. The lithospheric mantlederived magmas, were ultramafic and probably relatively dry, and were stored in the lower crust and assimilated granulite components, whereas the asthenospheric mantle-derived melts, were less mafic and possibly more water-rich, and ascended to higher levels of the crust before storage, and subsequently assimilated more supracrustal material.
FUNDING
